The effects of lesioning the ventral tegmental area (VTA) or substantia nigra (SN) neurons by means of bilateral stereotaxic microinjections of kainic acid (KA) (0.4 mM) were investigated to clarify the role of the VTA and the SN neurons in learning and memory processes. The present study demonstrates that KA in the SN and the VTA lesioned rats significantly decreased spontaneous alternation in Y-maze task, working memory and reference memory in radial 8 arm-maze task, suggesting effects on spatial memory performance. Our findings provide further support for the role of the VTA and the SN neurons in processing and storage of information.
Introduction
Previous studies have suggested that Parkinson's disease (PD) is a progressive neurodegenerative disorder characterized by abnormal motor signs, akinesia, rigidity, tremor, and learning and memory deficits [1] [2] [3] . It is the consensus that the pathogenesis of PD is the consequence of the loss on the dopaminergic neurons in the substantia nigra (SN) and dopamine depletion in the striatum [2] . Current neurosurgical strategies target overactive brain regions including the subthalamic nucleus, globus pallidus and thalamus to control various symptoms of PD. The SN also becomes overactive in PD and there are few surgical studies in hemiparkinsonian primates [4] . The dopaminergic center in the brain is the ventral tegmental area (VTA).
Kainic acid (KA) is a neurotoxin which preferentially destroys perykaria and dendrites, leaving unchanged terminal buttons and axons of passage. Administration of KA into the rat striatum causes neuronal degeneration, neurochemical alterations and behavioral responses [5] [6] [7] [8] [9] . With regard to spatial memory deficits, previous studies have suggested that intracerebroventricular (i.c.v.) administration of KA induced severe neuronal damage in limbic areas (amygdala, hippocampus) in rats, produced differential impairments of spatial learning memory and social behavior [10] and induced long-term loss of hippocampal plasticity manifested as reduced capacity for long-term potentiation [11] . There are also studies which have shown that intrastriatally KA administration caused the short-term direct death of striatal neurons while sparing nerve terminals [5] . Intrastriatal injections of the related excitotoxin, ibotenic acid, is known to result in death of nigral neurons [12, 13] . Quantitation of this effect showed a 30% loss of nigral dopamine neurons 3 months after intrastriatal ibotenic acid lesion [14] . In addition, nigral neuronal death following intrastriatal KA has been reported [15] . Striatal KA lesion resulted in progressive, long-term death of dopamine neurons in the SN [5] . Injection of KA in the VTA induced spontaneous recurrent seizure (SRS) in rats and impaired spatial learning memory, suggesting that loss of dopaminergic neurons in the VTA might contribute to spatial learning memory deficits induced by SRS [16] . In rats with bilaterally specific lesion of hippocampus dorsal CA1 and ventral CA3 subregions, KA induced deficits in acquisition of the water maze task and significant memory impairment of the passive avoidance task, suggesting effects on spatial memory and associative memory [17] . In other study, it has been shown that reduced cholinergic status in hippocampus produced spatial memory deficits of rats in water maze task when combined with KA induced seizure [18] . Intrahippocampal injection of KA in rats induced impaired acquisition and retention of visual-spatial information in water-maze task, suggesting spatial cognitive alterations [19] .
In the present study, we investigated the role of neuronal system from the SN and the VTA on learning and memory processes evidenced by means of Y-maze and radial 8 arm-maze tasks produced by cell bodies lesions in these brain areas with KA. Our data suggest that KA-induced lesion of both the SN and the VTA neurons contributed to the spatial learning memory deficits.
Experimental Procedures

Subjects
30 male Wistar rats weighing 250±25 g at the start of the experiment were used. The animals were housed in a temperature-and light-controlled room (22 º C, a 12-h cycle starting at 08:00 h) and were fed and allowed to drink water ad libitum. Rats were treated in accordance with the guidelines of animal bioethics from the Act on Animal Experimentation and Animal Health and Welfare Act from Romania and all procedures were in compliance with the European Council Directive of 24 November 1986 (86/609/EEC).
Neurosurgery
All surgical procedures were conducted under aseptic conditions, under sodium pentobarbital (45 mg/kg b.w., i.p., Sigma) anesthesia. Rats were mounted in the stereotaxic apparatus with the nose oriented 11 º below horizontal zero plane. The SN lesion was performed following an already described procedure [1] . Briefly, a solution containing KA (Sigma, 0.4 mM in phosphatebuffered saline (PBS), pH 7.4) was injected at the following stereotaxic coordinates: 5.5 mm posterior to bregma; 1.8 mm to the midline; 7.4 mm ventral to the surface of the cortex [20] . The solution was delivered over a 60-s period, through stainless steel cannula (0.3 outer diameter), connected to a Hamilton microsyringe (10 µl) driven by a microdrive unit. For lesion of the VTA, the same dose of KA: 0.4 mM (Sigma) and the same procedure was used [1] . The following coordinates were used: 5.6 mm posterior to bregma; 0.5 mm lateral to the midline; 7.3 mm ventral to the surface of the cortex [20] . The sham-operated (SO) groups were injected with the same volume of saline. Learning and memory tests began 2 weeks after the neurosurgery.
Y-maze task
Short-term memory was assessed by spontaneous alternation behavior in the Y-maze task. The Y-maze used in the present study consisted of three arms (35 cm long, 25 cm high and 10 cm wide) and an equilateral triangular central area. The rat was placed at the end of one arm and allowed to move freely through the maze for 8 min. The time limit in Y-maze test was 8 min., and every session was stopped after 8 min. An arm entry was counted when the hind paws of the rat were completely within the arm. Spontaneous alternation behavior was defined as entry into all three arms on consecutive choices. The number of maximum spontaneous alternation behaviors was then the total number of arms entered minus 2 and percent spontaneous alternation was calculated as (actual alternations/maximum alternations) x 100. Spontaneous alternation behavior is considered to reflect spatial working memory, which is a form of short-term memory [21] .
Radial 8 arm-maze task
The radial 8 arm-maze used in the present study consisted of 8 arms, numbered from 1 to 8 (48 x 12 cm), extending radially from a central area (32 cm in diameter). The apparatus was placed 40 cm above the floor, and surrounded by various extramaze visual cues placed at the same position during the study. At the end of each arm there was a food cup that had a single 50 mg food pellet. Prior to the performance of the maze task, the animals were kept on restricted diet and body weight was maintained at 85% of their free-feeding weight over a week period, with water being available ad libitum.
Before the actual training began, three or four rats were simultaneously placed in the radial maze and allowed to explore for 5 minutes and take food freely. The food was initially available throughout the maze, but was gradually restricted to the food cup. The animals were trained for 4 days to run to the end of the arms and consume the bait. To evaluate basal activity of rats in radial 8 arm-maze, the rats were given 5 consecutive training trials per day to run to the end of the arms and consume the bait. The training trial continued until all the 5 baits had been consumed or until 5 minutes has elapsed. Criterion performance was defined as consumption of all 5 baits or until 5 minutes had elapsed. 3 animals (SN group), 2 animals (VTA group) and 2 animals (SO group) not meeting these criteria of learning in 5 trials were rejected. After adaptation, all rats were trained with 1 trial per day. Briefly, each animal was placed individually in the center of the maze and subjected to working and reference memory tasks, in which same 5 arms (no. 1, 2, 4, 5 and 7), were baited for each daily training trial. The other 3 arms (no. 3, 6 and 8) were never baited. An arm entry was counted when all four limbs of the rat were within an arm. Measures were made of the number of working memory errors (entering an arm containing food, but previously entered), reference memory errors (entering an arm that was not baited). The time taken to consume all five baits was also recorded. Reference memory is regarded as a long-term memory for information that remains constant over repeated trials (memory for the positions of baited arms), whereas working memory is considered a shorttime memory in which the information to be remembered changes in every trial (memory for the positions of arms that had already been visited in each trial) [1, 21] . Choice accuracy was measured as entries to repeat, which was the number of arms entered until a repeat entry was made.
Dopamine determination
At the end of the experiment, all animals were stunned and after decapitation the brains were rapidly removed. Samples of the striatum were taken on ice-cooled aluminium block for high pressure liquid chromatography (HPLC) determination of dopamine. For assay, the samples were thawed and weighed, ten volumes of homogenization solution (0.4 M perchloric acid, 0.1% sodium metabisulphate, 0.02% cysteine and 0.01% EDTA) was added, homogenized and centrifuged. Supernatants were collected and the concentration of dopamine was measured using HPLC. All procedures were conducted under the Animal Experimentation and Animal Health and Welfare (Experimental Procedures) Act from Romania.
Histological control
At the end of the experiment, the rats were killed with an overdose of sodium pentobarbital (100 mg/kg i.p., Sigma) followed by a transcardial infusion of 0.9% saline and a 10% formalin solution. The brains were removed and placed in a 30% sucrose/formalin solution. The brains were frozen and cut into coronal sections (50 µm) using a freezing microtome and stained with Cresyl violet for verification of the point of the syringe needle. Only experimental data from lesions correctly located in the VTA and the SN were used for statistical analysis.
Statistical analysis
Radial 8 arm-maze and Y-maze data were analyzed with analysis of variance (ANOVA) with lesion as the between-groups factor (at two levels -SN and SO, VTA and SO, respectively). The animals not meeting the criteria of learning as previously described in the Experimental section were rejected. All results are expressed as mean ± S.E.M. Post hoc analyses were performed using Tukey's honestly significant difference test. F values for which P<0.05 were regarded as statistically significant.
Results
Histology
After chemical lesions, the rats recovered quickly and gained weight by 1 week. In the majority of the SNlesioned rats (8/10), the point of the syringe needle was positioned symmetrically in the central part of the SN and the lesions extended from -5.3 to -5.8 mm posterior to bregma. In the case of the VTA-lesioned rats (7/10), the point of the needle was positioned in the middle of the brain under the red nucleus being in the very posterior part of the VTA. In all rats whose data were retained for statistical analysis, there was no noticeable variation in the lesion-extent among the VTA-lesioned rats. In both the SN-and VTA-lesioned rats, no significant damage was found in adjacent structures.
Effects of kainic acid-induced SN and VTA neuron lesion on learning and memory
The performance of rats in the radial 8 arm-maze was judged by the number of working memory errors, the number of reference memory errors, the time taken to consume all five baits and the entries to repeat. In Y-maze task, the performance of rats was judged by number of arm entries and spontaneous alternation percentage. Therefore each of these criteria measures a specific aspect of radial 8 arm-maze and Y-maze performance. All groups of rats learned to find and consume the five baits in each trial of radial 8 arm-maze task. SN and VTA lesion by means of KA significantly decreased spontaneous alternation percentage (F(2,7)=6.5, P<0.05) in Y-maze task, suggesting significant effects on spatial memory, especially on short-term memory. This effect could not be attributed to decreased motor activity because the number of arm entries was not significantly changed (F (2,7)=2.5, P>0.05) (Figure 1) . Post hoc analyses revealed that the SN and the VTA in KA-treated groups made more errors in term of spontaneous alternation percentage than the SO groups (P<0.01) (Figure 1 ) but no significantly statistical difference was found between the SN and VTA in KA-treated groups.
Lesioning of the SN or VTA neurons significantly impaired working memory tested by means of the numbers of working memory errors (F(2,7)=3.52, P<0.05) (Figure 2 ) during 16 days training in radial arm -maze task, suggesting that lesioning of the SN or VTA neurons impaired working memory. Post hoc analyses revealed that the SN and the VTA in KA-treated groups made more working memory errors than the SO groups (P<0.0001) (Figure 2 ) but no significantly statistical difference was found between the SN and VTA in KA-treated groups.
The SN or VTA lesion significantly impaired reference memory tested by means of the numbers of reference memory errors (F(2,7)=25.74, P<0.0003) (Figure 3 ) during 16 days training in radial arm-maze task, suggesting that lesioning of the SN or VTA neurons impaired reference memory. Post hoc analyses showed that 7-8 days after the operation the SN and the VTA lesion in KA-treated groups made more reference memory errors than the SO groups (P<0.02) (Figure 3 ) but the SN and VTA in KA-treated groups did not differ from each other.
Lesioning of the SN or VTA neurons significantly increased the time taken to consume all five baits (F(2,7)=25.39, P<0.0002) (Figure 4 ) and decreased entries to repeat (F(2,7)=1.42, P<0.05) ( Figure 5 ) during 16 days training in radial arm-maze task. Post hoc analyses showed that the SN and the VTA lesion in KA-treated groups made more errors in term of the time taken to consume all five baits than the sham-operated groups (P<0.008) (Figure 4 ) but the differences between SN and VTA in KA-treated groups were non-significantly. Post hoc analyses showed that the SN or the VTA lesion in KA-treated groups made more errors in term of the entries to repeat than the SO groups (P<0.04) ( Figure 5 ) but the differences between SN and VTA KAtreated groups were non-significant.
Influence of kainic acid-induced SN and VTA neuron lesion on dopamine level
To quantitatively estimate the level of dopamine in the striatum, we used HPLC analysis. Dopamine concentration was significantly decreased in the striatum in the KA-lesioned groups than that in the SO groups (Table 1 ).
Discussion
Previous studies have suggested the crucial role of the integrity of the mesotelencephalic dopamine system for processing and storage of information [1, 4] . Our experimental data suggest that the VTA and SN neurons have a crucial role in spatial memory performance tested in radial 8 arm-maze and Y-maze tasks. Reference memory, which is a form of long-term memory, refers to memory for information that remains constant over repeated trials and is, therefore, trial-independent. Working memory, which is a form of short-term memory, refers to memory in which the information to be remembered changes in repeated trials, and thereby, is trial-dependent [22] . KA damages neural cell bodies, dendrites and their terminals, but spares axons passing or terminating in the injected region [23] . However, it has been shown that injection of KA in the rostral pontine tegmentum causes not only local cell bodies lesions but also destructions of GABAergic and dopaminergic cell in the SN [24] . VTA contains a considerable number of nondopaminergic neurons that project largely to the same terminal region as the dopaminergic cells. There is good evidence that non-dopaminergic part of the projection from VTA to the medial prefrontal contains GABA as its neurotransmitter [25] . Furthermore, a high density of neurotensin-containing perikaria and enkephalincontaining neuronal fibers and perikaria are presented in the VTA dopamine region [26, 27] . All these types of neuronal perikaria can be damaged by KA treatment.
Our results showed that the lesioning of the VTA and SN neurons by means of KA induce a broad spectrum of behavioral effects. The impairment effects in memory processes, registered after KA lesion of the VTA and SN neurons, confirm and extend our previous experimental data [1] , suggesting that effects observed after KA may be attributed mainly to the lesions of these brain areas. In KA treated groups, we observed a significant decrease in short-term memory (significant decrease of spontaneous alternations percentage in Y-maze test, P<0.05), without significantly affecting locomotion (nonsignificant increase of number of arm entries in Y-maze test), suggesting significant effects on spatial memory. The SN and VTA lesion by means of KA induced a significant decrease in working memory and reference memory, a significant increase in the numbers of working memory errors (P<0.05) and reference memory errors (P<0.0003) comparative to the SO rats.
Slowed response times of the SN and VTA lesioned animals could be a cause of cognitive impairment, evidenced by a significant increase of time taken to consume all five baits (P<0.0002) in radial 8 arm-maze task comparative to the SO rats. Increase of time taken to consume all five baits in radial 8 arm-maze task may be a reflexion of the motor deficits. This aspect was revealed by the evidence that KA-treated rats tend to remain stationary and explore the maze less.
Neurochemical analysis using HPLC of the dissected brain samples from the striatum showed that KA infusion had been successful in reducing dopamine, compared to the SO rats. KA resulted in a significant depletion in dopamine concentration in the striatum compared to the SO rats.
A specific effect of the SN and VTA lesion was choice accuracy. The SN and VTA lesioned rats slowly remember the test, and their decrease in accuracy (P<0.05) reflects the greater mnemonic demands of an effective increase in the retention trial. Therefore, in the radial 8 arm-maze task, we concluded that the motor deficits induced by KA treatment may be associated with impairment in choice accuracy. On the basis of our results obtained by chemical lesioning of the SN and the VTA neurons, we could suggest that the VTA and the SN facilitate spatial memory formation. The integrity of these brain areas may be necessary for processing and storage of information.
